Objective: To reveal, on a cellular and molecular level, how skeletal regeneration of a corticotomy is enhanced when using laser-plasma mediated ablation compared with conventional mechanical tissue removal. Summary Background Data: Osteotomies are well-known for their most detrimental side effect: thermal damage. This thermal and mechanical trauma to adjacent bone tissue can result in the untoward consequences of cell death and eventually in a delay in healing. Methods: Murine tibial corticotomies were performed using a conventional saw and a Ti:Sapphire plasma-generated laser that removes tissue with minimal thermal damage. Our analyses began 24 hours after injury and proceeded to postsurgical day 6. We investigated aspects of wound repair ranging from vascularization, inflammation, cell proliferation, differentiation, and bone remodeling. Results: Histology of mouse corticotomy sites uncovered a significant difference in the onset of bone healing; whereas laser corticotomies showed abundant bone matrix deposition at postsurgical day 6, saw corticotomies only exhibited undifferentiated tissue. Our analyses uncovered that cutting bone with a saw caused denaturation of the collagen matrix due to thermal effects. This denatured collagen represented an unfavorable scaffold for subsequent osteoblast attachment, which in turn impeded deposition of a new bony matrix. The matrix degradation induced a prolonged inflammatory reaction at the cut edge to create a surface favorable for osteochondroprogenitor cell attachment. Laser corticotomies were absent of collagen denaturation, therefore osteochondroprogenitor cell attachment was enabled shortly after surgery. Conclusion: In summary, these data demonstrate that corticotomies performed with Ti:Sapphire lasers are associated with a reduced initial inflammatory response at the injury site leading to accelerated osteochondroprogenitor cell migration, attachment, differentiation, and eventually matrix deposition.
T here are many clinical situations that require the controlled cutting, shaping, or excising of bone tissue. Some examples include reconstructive 1 and implant surgeries, 2 the removal of bone tumors, 3 and the remodeling of misshapen skeletal elements. 4 Ideally, the surgeon seeks to cause minimal collateral damage while ablating a well-defined volume of tissue, and to leave behind a cut edge that is favorable for early cell attachment and extracellular matrix deposition.
A well-known and highly undesirable side effect of all conventional handheld osteotomy tools is the mechanical motion that creates friction. In turn, friction causes thermal and mechanical trauma to adjacent bone tissue. The untoward consequences of this trauma is cell death and a delay in healing. [5] [6] [7] CO 2 lasers or other solid state or gas lasers have been substituted in an attempt to circumvent the problematic sequelae associated with friction. 8, 9 These types of lasers use linear thermal absorption to ablate tissues, a method that generates heat within an irradiated area, and thus vaporizes tissue. Although these lasers are highly effective at removing tissue and cauterizing blood vessels, they also showed detrimental effects, similar to conventional saw osteotomies. 10 -12 Instead of friction causing delays in bone healing or nonunions, photothermal, photoacoustic, photochemical, or photomechanical effects were cited as possible causes for osseous tissue damage. 13 To circumvent these detrimental effects, we investigated the use of alternative energy sources for cutting bone tissue. Plasma ablation lasers focus energy pulses into a very small area (ie, micrometers) and thus create energy densities that are characterized by temperatures of several thousand Kelvin that are reached within picoseconds. This condition generates an explosive plasma that readily ablates tissue but because of the sharpness of the plasma boundary, there is limited heat diffusion and consequently, minimal thermal damage. Previous studies have reported thermally modified zones that are a fraction of a cell layer thick (Ͻ0.2-3 m). 14 -17 As thermal damage is believed to be the most harmful side effect of traditional, linear laser ablation, we set our goal to determine if plasma laser corticotomies were a viable alternative to conventional saw corticotomies. In doing so, we uncovered basic principles of osteochondroprogenitor cells behavior during skeletal tissue regeneration.
METHODS

Laser Characteristics
We used a Titanium:Sapphire laser (Ti:Sapphire; Spectra Physics Tsunami) with a 1 picosecond pulse duration operating at 240 Hz with a wavelength of 800 nm. The average pulse energy was 650 J. The laser was scanned with a 2-axis scanning mirror (Piezosystem Jena 4281) along the axis of the mouse tibia. A 1.5-mm long scan was made with a scanning speed of 5 mm/s. The laser was focused onto the tibia surface with a 120 mm focal length lens to a minimum spot diameter of 50 m. The laser was coaligned with a Helium-Neon (HeNe) laser operating at 632.8 nm wavelength for visual targeting.
Surgical Procedure
All experiments were performed in accordance with Stanford University Animal Care and Use Committee guidelines. Sixty-one 3-month-old male outbred CD-1 mice and Hsp70A1-luc-2A-GFP transgenic mice 18 were housed in a light-and temperature-controlled environment and given food and water ad libitum. For surgical procedures the mice were anesthetized with an intraperitoneal (i.p.) injection of ketamine (80 mg/kg) and xylazine (16 mg/kg). 19 After a skin incision was made over the anterio-proximal tibia, the bony surface was exposed while preserving the periosteal surface. For the analysis of the conventional saw corticotomy technique, a diamond blade (Brassler, Savannah, GA) was used to cut a 1.5 mm long and approximately 0.2 mm deep and 0.2 mm wide trough in the longitudinal direction. A similar injury was created with a 1 picosecond pulsed Ti:Sapphire laser. During both procedures, special efforts were taken to reduce damage to the adjacent periosteum. Finally, the wounds were closed with vicryl sutures. Following surgery, mice received subcutaneous injections of buprenorphine (0.05-0.1 mg/kg) 19 for analgesia and were allowed to ambulate freely. Five mice out of each study group were killed at 1, 2, 3, 4, and 6 days postsurgery.
Tissue Processing, Histology, Immunohistochemistry, and In Situ Hybridization
After dissection of the tibia, skin and parts of the muscles were removed. The tissue samples were fixed in 4% paraformaldehyde overnight, decalcified in 19% EDTA, dehydrated and embedded in paraffin as previously described. 20 Eight micrometer-thick transverse sections were cut and collected on Superfrost-plus slides. Histology was performed using Movat's Pentachrome staining. 21 Further analysis included immunohistochemistry for PECAM-1a (BD Pharmingen), Hsp70 (Stressgen (SPA-810)), Luciferase (GeneTex), GR-1 (BD Pharmingen), and PCNA (Zymed), using DAB (Zymed) as substrate and TRAP (tartrate resistant alkaline phosphatase) staining. 20 For alkaline phosphatase (ALP) staining, slides were preincubated overnight at 4°C in ALP buffer containing 100 mM Tris (pH 9.5), 50 mM MgCl 2 , 100 mM NaCl, and 0.1% Tween 20. Slides were then incubated in BM-purple solution (Roche Diagnostic Corporation, Indianapolis, IN) overnight at 4°C until a dark purple color reaction appeared. Sections were counterstained with eosin. Matrix organization was visualized by staining tissues with the acidic dye, picrosirius red, (0.1% Direct Red 80 in saturated picric acid ͓Sigma͔), to discriminate tightly packed and aligned collagen molecules. Under polarized light, well-aligned fibrillar collagen molecules display a difference in birefringence when compared with thermally damaged fibrils that present a less organized structure and therefore show a difference in birefringence. For TUNEL staining of DNA strand breaks, 22 sections were incubated in proteinase K buffer (20 g/mL in 10 mM Tris pH 7.5) followed by TUNEL reaction mixture (In Situ Cell Death Detection Kit, Roche). Slides were viewed under an epifluorescence microscope. These sections also underwent Hoechst 33342 (molecular probes) staining to visualize all nuclear DNA under fluorescent light. 23 In situ hybridization was performed using digoxigenin-labeled probes synthesized complementary to mouse cDNA for sox9 and runx2. 24 
RESULTS
To compare the early cellular and molecular responses of a laser corticotomy with a conventional saw corticotomy, we first had to create a skeletal defect with a defined geometry ( Fig. 1A ). There were two critical features to the skeletal defect: first, the site had to offer an optimal surface topography for laser ablation (ie, a flat surface over its entire length). A flat surface is necessary for the laser spot size to be accurately controlled, because over a curved part of the bone the focal plane of the laser changes and thus alters the minimum focal spot size and the laser fluence (ie, pulse energy per unit area). Reducing the fluence changes the plasma density, which leads to thermal damage. The focused light beam of the Ti:Sapphire laser can be collimated in a spot size diameter of 50 m with a fluence of 7.64 J/cm 2 , which does not cause thermal damage. 13 Second, any bleeding at the injury site had to be minimized. Because blood absorbs laser energy and thus reduces the amount of energy that reaches the target bone tissue, 25 we created a transcortical defect that did not penetrate into the marrow cavity. Thus, bleeding was minimized from the surrounding soft tissues prior to laser ablation of the bone.
Skeletal Healing Is Accelerated in Laser Corticotomy Sites
Six days after surgery, histologic analyses revealed that the conventional saw corticotomy site showed no evidence of bone (n ϭ 14; Figs. 1B, C). Conversely, the Ti:Sapphire corticotomy site was already filled by mineralized osseous matrix (n ϭ 13; Figs. 1D, E). This rapid osteogenic response not only occurred inside the laser corticotomy site, but also in the periosteal periphery where a fibrous neoperiosteum encapsulated the injury (Figs. 1D, E). Thus, skeletal tissue regeneration occurred much more rapidly in Ti:Sapphire corticotomies compared with conventional saw corticotomies, and our next experiments were designed to reveal the cellular and molecular basis for this dramatic difference in the healing response.
(n ϭ 3, Fig. 2A ). In the laser corticotomy site, the swath of empty lacunae was much smaller and extended a distance of approximately 50 m (n ϭ 6, Fig. 2B ). This observation suggested that saw corticotomies caused more wide-ranging physical damage to the adjacent bone than laser corticotomies. We used a variety of assays to first identify how the osteocytes died and second, to determine what killed them. To distinguish between osteocytes that died by necrosis and those that underwent apoptosis we used a nuclear acid (Hoechst) dye, which intercalates into intact DNA. 23 We reasoned that osteocytes that died by necrosis would fail to be labeled by the nuclear dye whereas osteocytes with intact DNA would be labeled by this method. At the 24 hours time point, we found a uniform distribution of Hoechst-positive osteocytes in uninjured cortical bone; this provided us with a reference for the density of cortical osteocytes. Next, we examined the corticotomy sites and found a reduced density of Hoechst-positive cells in both laser and saw samples at the 24 hours time point (Figs. 2C, D), which corresponded to the area of empty lacunae we had noted on postsurgical day 6 ( Fig. 1 ). Rather than being restricted to the cut edges of the bone however, the Hoechst-negative (necrotic) osteocytes were randomly distributed throughout the region of empty lacunae (Figs. 2C, D). This finding suggested that the physical/chemical stimulus that was responsible for osteocyte necrosis did not function in a gradient-like manner.
The two mechanisms of cell death are necrosis and apoptosis. Hoechst analysis revealed that necrosis was unlikely to be responsible for the cell death in the cortical bone. Therefore, we employed a TUNEL assay to test if osteocytes underwent apoptosis and found that in the saw corticotomy samples most osteocytes within the 200 m radius were TUNEL-positive by the 24 hours time point ( Fig. 2E ). The region of apoptotic cells was not restricted to the cortical bone either; we also detected immunopositive cells in a halo-like shape in the bone marrow cavity ( Fig. 2E ). In the FIGURE 1. Schematic illustration and histology of saw and laser corticotomies at postsurgical day 6. A, Anterior view of proximal tibia. A 5-mm long and 200 m deep corticotomy was created starting at the tibial metaphysis reaching into the proximal diaphysis. The corticotomy did not penetrate through the cortical bone; therefore, the bone marrow cavity remained closed. B, C, The corticotomy site created with a conventional saw was populated by undifferentiated fibroblast-like cells that had not yet deposited an osseous matrix. Empty osteocyte lacunae (between dotted lines) as an indicator of osteocyte death, were surrounding the cut edge in a radius of ϳ150 -200 m. D, After laser ablation, the empty lacunae were detectable in a halo of ϳ50 m around the corticotomy. E, Most of the defect is filled with a bony matrix (blue) that is also formed in the periosteal periphery of the injury site. bm indicates bone marrow; cb, cortical bone; f, fibula; td, tibial diaphysis; tp, tibial plateau. Scale bar in ϫ20: 200 m, in ϫ63: 100 m.
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Annals of Surgery • Volume 246, Number 1, July 2007 laser corticotomy site, TUNEL-positive cells occupied a significantly smaller area around the injury (Fig. 2F ), corresponding to the ϳ50 m area of empty lacunae we had previously observed at postsurgical day 6 ( Fig. 1) . Cells in the bone marrow cavity of the laser samples were also affected, as a few immunopositive cells appeared at the endosteal surface ( Fig. 2F ). Collectively, these data demonstrate that most osteocytes located at or near a cut edge of bone underwent programmed cell death rather than being killed immediately by a physical disturbance; the notable difference between the laser and the saw corticotomy sites was the extent of the apoptotic region. There are numerous causes for cell death. In this surgical situation, the most likely causes include thermal energy caused by friction 26 or pressure wave formation caused by plasma ablation. 27 We used two approaches to investigate if osteocytes near the cut edge instituted programmed cell death in response to thermal stimuli. In the first approach we performed immunohistochemistry for heat shock protein (Hsp) 70, which is highly expressed in response to thermal stress, anoxia, and oxidative stress. 28 In saw corticotomies, the outermost 150 m layer showed a high number of Hsp70-positive cells (Figs. 3A, B and data not shown). Cells in the inner, 50 m region were negative for Hsp70 staining (Fig. 3A ) because they were dead (Fig. 2 ). In the laser corticotomy sites we found no evidence of Hsp70 immunostaining (Figs. 3C, D and data not shown). These data indicate that cells adjacent to laser corticotomy sites did not experience thermal stress whereas those in the saw corticotomies did.
We used a second, genetic approach to confirm that laser corticotomies did not induce thermal stress. We generated saw or laser corticotomies in transgenic mice in which the Hsp70A1 promoter drives expression of a dual reporter where firefly luciferase is coexpressed with green fluorescent protein (GFP). The Hsp70A1-luc-2A-GFP transgene is in- Accelerated Bone Repair After Laser Corticotomy duced in response to thermal stress 18 and here, we found that Hsp70 was induced in cells in the saw-but not the lasercorticotomy sites. Taken together, these data indicate that Ti:Sapphire laser corticotomies showed no evidence of thermal damage while conventional corticotomies did. This cannot, however, be the sole reason for the acceleration in skeletal repair in laser corticotomies. Both laser and saw corticotomies exhibited empty lacunae, and regardless of whether the live osteocytes were 50 or 200 m away from the cut edge, it was unlikely that signals from these distant cells would be able to directly influence the behavior of skeletal progenitor cells that populated the corticotomy site. Therefore, we investigated other possible mechanisms to explain the discrepancy in healing of laser and saw corticotomies.
Laser-Enhanced Healing Is Not Attributable to Accelerated Angiogenesis
Bone formation depends upon a blood supply; therefore, one mechanism to explain the enhanced healing response observed in laser corticotomies is that the vasculature is preserved to a greater degree than in saw corticotomies. To evaluate the extent of neovascularization we performed PECAM immunohistochemistry at postsurgical days 4 and 6. At the early time point, immunopositive endothelial cells appeared in both the laser and saw corticotomy sites (Figs. 4A, B) and 2 days later, the PECAM-positive cells were arranged in a luminal network in both corticotomies (Figs.  4C, D) . Thus, the method of bone cutting did not appear to influence the extent of the angiogenic response to trauma.
Osteoprogenitor Proliferation Does Not Depend Upon Corticotomy Technique
Skeletal damage of the type inflicted by these corticotomies is repaired by the selective proliferation of skeletal progenitor cells residing within the inner, cambial layer of the periosteum. Therefore, we wondered if laser corticotomies healed faster because there was less collateral damage to the periosteum. We used a marker of cell proliferation as one measure of the response of the periosteum to injury. 29 Proliferating cell nuclear antigen (PCNA) immunostaining at postsurgical day 4 indicated only modest proliferation activity in the periosteum of both conventional and laser corticotomy samples (Figs. 4E, F) . At a later time point (6 days), proliferation activity decreased in the periosteal periphery and increased in the wound site itself (Figs. 4G, H) . So while the periosteum was the first tissue to respond to trauma, these data suggested that there were no discernable differences in cell proliferation between the laser and saw corticotomies.
Saw Cutting Results in Matrix Degradation and Prolonged Inflammation
Protein denaturation occurs in response to heating 30 ; since the saw corticotomy sites exhibited higher Hsp70 expression, and therefore greater thermal injury (Fig. 3) , we evaluated the degree to which the collagenous matrix of the bone was degraded by these corticotomy techniques. Using Picrosirius red staining in conjunction with polarized light microscopy, we examined the cut surfaces adjacent to the saw and laser corticotomy sites and detected changes in the organization of the bone matrix. 31 For example, the saw corticotomy sites exhibited a thin region of denatured collagen at the cut surface ( Fig. 5A , white dotted line). In the laser corticotomy sample, however, this region of birefringence was absent from all but a small area at the apex of the defect (Fig. 5B , white dotted line).
To determine if this apparently minor difference in collagen degradation at the cut edge could be responsible for the dramatic difference in skeletal regeneration, we tested the extent of denaturation of the collagenous matrix relative to subsequent bone remodeling. We used TRAP staining to visualize the extent of matrix removal and remodeling, and found that there was minimal osteoclastic activity at postsurgical day 4 in the laser sample, but much higher activity in the saw corticotomies (Figs. 5C, D) . This osteoclast activity was induced specifically in response to the damaged collagenous matrix in the saw corticotomies, and was not associated with remodeling of newly deposited bone matrix since at this time point there was no evidence of new bone (n ϭ 9).
Matrix degradation stimulates inflammation. 32 Using a Gr-1 antibody to identify neutrophils, 33 we found abundant Gr-1-positive cells in the saw corticotomy sites (Fig. 5E ). In contrast, very few, if any, Gr-1-positive cells were found in the laser corticotomy sites (Fig. 5F ). These findings indicated that the early inflammatory response was finished in the laser Bone formation only begins after inflammation has resolved. 34 To determine if persistent inflammation corresponded with delayed osteogenesis in the saw corticotomies, we used in situ hybridization to detect the state of osteoblast differentiation of cells populating the corticotomy sites. For example, we examined the expression pattern of sox9, a transcription factor that regulates osteochondroprogenitor cell fate 35 and found that on postsurgical day 4, sox9 expression was not detectable in the injury site of the saw corticotomies (data not shown). By day 6, however, we were able to detect sox9 transcripts, but only in the periosteum adjacent to the injury site ( Fig. 6A) . Cells in the injury site itself had not yet 
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Accelerated Bone Repair After Laser Corticotomy induced sox9 expression ( Fig. 6A) . Conversely, in the laser corticotomies sox9 was expressed throughout the injury site and in the periosteum on postsurgical day 4 (Fig. 6B) . We also examined the laser and saw corticotomies for evidence of runx2 expression. Runx2 is an osteoblast-related transcription factor whose expression is critical for osteoblast differentiation. 36 On postsurgical day 4, runx2 was not expressed in the saw corticotomy sites (data not shown) but transcripts were detectable in the periosteum by day 6 (Fig.  6C ). In the laser corticotomies, runx2 was strongly expressed at postsurgical day 4 throughout the injury site and in the periosteum (Fig. 6D) . The coexpression of sox9 and runx2 in a cell indicates its commitment to an osteochondroprogenitor lineage. 36 Thus, the overlapping domains of sox9 and runx2 demonstrated that on postsurgical day 4, cells in the laser corticotomy sites were in the process of differentiating into osteoblasts. Conversely, the sox9-and runx2-negative cells occupying the saw corticotomy sites were still undifferentiated at postsurgical day 6.
To confirm the differentiation state of cells in the saw and laser corticotomies we examined the injury sites for evidence of alkaline phosphatase (ALP) activity, which reflects sites of mineralized matrix deposition. 37 ALP-activity was restricted to the periosteum and endosteum of the saw corticotomies at postsurgical day 6 (Fig. 6E ). In the laser corticotomies, ALP-activity was detected throughout and around the injury site at postsurgical day 4 ( Fig. 6F) , indicating the advanced state of osteoblast differentiation.
DISCUSSION
Whenever tissues are cut, shaped, or removed, the surgeon seeks to reduce collateral damage caused by the excision while simultaneously maintaining a blood supply to the remaining tissues. In many surgical scenarios the extent to which cell viability is maintained can mean the difference between life and death: for example, the survival of grafted tissue depends upon maintaining cell viability in both the graft itself and the adjoining recipient site. In clinical procedures that rely upon tissue regeneration, such as distraction osteogenesis, correctional osteotomies, and implant bed preparation, maintaining cell viability is of the utmost importance. 38, 39 Previous studies have indicated that cutting bone with tunable free electron lasers that operate using wavelengths between 2.9 and 9.2 m result in improved healing. 40, 41 The reason(s) for this improvement, however, are unknown. Our goal was to uncover the molecular and cellular bases for this enhanced skeletal regeneration. By pinpointing which aspects of bone regeneration were favorably affected in the laser corticotomies, we can take the next step of optimizing the laser output in such a way that cell viability is guaranteed and the structural integrity of proteins in the extracellular matrix is preserved. In these studies we employed a corticotomy instead of an osteotomy model because this simplified geometry allowed us to control for variables such as bleeding caused by penetration into the bone marrow cavity, which affects the ablation efficiency of the laser, and motion at the injury site, which affects how cells differentiate into cartilage or bone. By controlling for these variables we were able to gain a clear picture of the cellular responses to laser-mediated tissue ablation in a wide variety of tissues including bones and teeth.
Plasma Ablation Removes Bone While Preserving the Adjacent Cortical Bone Structure
The fundamental basis for optimal bone healing is a highly vascularized wound site and a bone surface with an intact collagenous matrix. Immediately after the skeleton sustains an injury, new blood vessels begin to invade the FIGURE 6. In situ hybridization for sox9 and runx2, and alkaline phosphatase (ALP) staining of a saw corticotomy after 6 days (A, C, E) and laser corticotomy 4 days after surgery (B, D, F). After 6 days of skeletal regeneration after saw injury, sox9 (A) and runx2 (C) expression was limited to the periosteum, without being expressed in the defect (red dotted line). E, Alkaline phosphatase activity (purple) as a direct marker for osteoblast activity was restricted exactly to the areas that were also sox9 and runx2 positive. B, D, In contrast, at an earlier time point (4 days) in the laser corticotomy, the transcription factors were expressed throughout the whole injury site including the adjacent periosteum (red dotted line). F, Again, ALP-activity showed the same expression pattern, suggesting that the regeneration was already more advanced in the laser corticotomy site. cb indicates cortical bone; p, periosteum. Scale bars in ϫ20: 200 m; in ϫ40: 50 m.
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Accelerated Bone Repair After Laser Corticotomy wound site. This process of angiogenesis is followed shortly thereafter by cellular invasion, where osteochondroprogenitor cells from the periosteum migrate into the hematoma that occupies the injury site. 42, 43 When a favorable scaffold is encountered, skeletal progenitor cells attach and differentiate into osteoblasts. Mature osteoblasts then secrete a collagen-rich matrix that subsequently undergoes mineralization(reviewed in ref. 44 ). The most well-known side effect of conventional saw osteotomies is thermal damage caused by friction between the blade and bone. 26, 45 Short pulse lasers, on the other hand, produce a thin layer of plasma on the tissue surface, which effectively blocks underlying tissue from laser radiation. 13 Plasma generation by pico-and femtosecond pulses is a result of multiphoton absorption followed by avalanche ionization, which create a dense, high temperature, well-localized plasma that rapidly expands after the pulse. Due to the fast expansion, thermal contact between the plasma and the underlying tissue is lost and only a very small fraction of thermal energy is transferred to the bone tissue. We confirmed the presence of thermal damage in saw corticotomies, and the absence of thermal injury in laser corticotomies, using expression of a heat-inducible protein Hsp70. 28 As expected, osteocytes were killed by the high temperatures associated with saw cutting (Fig. 3) . Osteocytes located ϳ50 m from the edge, however, up-regulated Hsp70 expression thereby indicating a protective cellular response to thermal stress. Osteocytes located ϳ200 m from the saw-cut edge were negative for Hsp70 immunostaining, indicating that the critical temperature for gene induction had not been reached. 18, 28 Using Hsp70 as a sensitive molecular indicator, we found that laser corticotomies effectively removed bone tissue without generating heat; consequently there was no cell death caused by excessive heating.
Heat produced in the saw corticotomies also had the untoward consequence of denaturing the collagen matrix at the cut edge of the bone (Fig. 5A ). This latter sequelae was particularly unfavorable for bone healing, because osteochondroprogenitor cells must attach to a scaffold or matrix to institute matrix deposition. 46 Our data indicate that the denatured collagen matrix was not suitable for cellular attachment and as a result had to first be removed by osteoclasts (Fig. 5) . The heat-denatured matrix, coupled with osteoclast activity to remove the defective tissue, resulted in a neutrophil-rich inflammatory reaction (Fig. 5) , which further delayed new bone formation. Collectively, this chain of events results in delayed bone formation in saw corticotomies. Laser corticotomies, on the other hand, had none of these complications and therefore healed faster.
Why Is An Accelerated Healing Response Beneficial?
Laser corticotomies heal faster than saw corticotomies, but in both cases skeletal regeneration ensues. One might legitimately wonder if the accelerated healing associated with laser corticotomies has any practical significance. In other words, because saw injuries eventually heal to the same extent as their laser-cut counterparts, is there any real advantage to the use of plasma ablation lasers? There are multiple reasons why this accelerated healing response, however modest in this mouse model of skeletal repair, will have profound implications in human patient care. First, adult mouse skeletal tissues possess the regenerative potential of juvenile human skeletal tissues. 20 As pediatricians can attest, juveniles rapidly repair and remodel bone injuries. 47, 48 As humans age, however, the regenerative potential of the skeleton diminishes, 49 especially when underlying diseases further complicate skeletal repair in the older patient or in the infirm. Therefore, any technique that preserves the viability or extends the survival of cells at a wound site can be viewed as advantageous when applied to humans.
Second, our corticotomy model represents optimal healing conditions that rarely exist in human injuries. For example, the volume of the saw and laser corticotomies was chosen to be small and restricted to a single cortex of the tibia. We designed this model to precisely control the amount of energy deposited in the bone during the ablation process. 25 Because the injury was limited to a single cortex, we were able to circumvent other undesirable variables such as uncontrollable motion and bleeding into the defect which would reduce the ablation efficiency. In addition, our model minimized the risk of infection and damage to surrounding musculature and other soft tissues. All of these factors complicate every human injury and thus one can expect that such conditions will amplify the need for approaches that minimize cell necrosis and maximize cell repair.
Another reason why our results could be more significant when applied to human conditions is that the physical properties of mouse bones differ from human bones. For example, in our mouse model, the region of thermal damage extended to 200 m. Using bovine bones, investigators have shown that thermal damage from saw osteotomies penetrate to 1.9 mm. 26 Consequently, osteocytes in this area will die either by apoptosis or necrosis. As osteocytes are believed to have a pro-osteogenic influence on the skeletal healing, 50 the broader area of thermal damage will negatively affect bone regeneration. Thus, the significant difference in bone regeneration that we observed with a proportionally small area of osteocyte death will be multiplied when applied to human bones.
Thermal Damage Is One of Multiple Reasons for Osteocyte Death
Thermal damage is unlikely to be the sole cause for the difference in the skeletal healing response. High temperatures cause osteocyte necrosis but we also found evidence of programmed cell death. Based on these observations we wondered which physical/mechanical disturbance could be responsible for this area of programmed cell death in a 50 -70 m radius around the laser incision. The Hsp70 data, coupled with the physical characteristics of plasma ablation lasers 13 demonstrate that programmed cell death could not be ascribed to high temperatures. This raises the possibility that another stimulus is responsible for cell death in laser and saw corticotomies. Both saws and lasers generate pressure waves that can create extremely high shear stresses within the lacunar-canalicular network that connects osteocytes. Future studies will have to investigate whether these kinds of shock waves are responsible for osteocyte death after plasma laser ablation.
Plasma Ablation: The Future of Laser Surgery?
Even though lasers have been available for surgical use since the 1990s, they have not been able to replace the more compact, practical conventional tools (many drill and saws are cordless). In addition, the majority of these lasers (ie, CO 2 , Er:YAG) produce excess amounts of thermal damage, when compared to plasma-mediated ablation. 8, 11, 40 However, our promising results with the Ti:Sapphire laser may open new applications in the broad clinical field of bone cutting, removal, and shaping. Our cellular and molecular analyses uncovered significantly faster skeletal regeneration after Ti: Sapphire corticotomies, in part because of the absence of thermal damage. In addition to this positive attribute, laser corticotomies avoided denaturing the collagen-rich matrix at the cut edge of the bone. By avoiding this thermal-induced denaturation, an inflammatory reaction was circumvented, and osteochondroprogenitor cells could readily attach. When progenitor cells attach to the matrix they can instigate a molecular program of differentiation characterized by the up-regulation of runx2 and collagen type I. Shortly thereafter, alkaline phosphatase activity is enhanced and the extracellular matrix is mineralized. Collectively, these data indicate that the excision of bony tissues with plasma ablation lasers will provide an environment conducive to skeletal tissue regeneration, and thus could potentially enhance bone formation associated with correctional or reconstructive osteotomies.
